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SYSTEM AND METHOD OF SELECTIVE ADJUSTMENT OF A COLOR 

DISPLAY 

Field of the Invention 

[001] The invention relates generally to color adjustment of color displays and, 
5 more particularly, to selective adjustment of a primary color component of the 

display. 

Background of the Invention 

[002] Liquid Crystal (LC) devices are used in different types of displays, 

10 including LC transmission-type displays for direct viewing, typically employed 

by laptop and desktop computers, cellular telephones, and other mobile devices. 
In recent years, LC on silicon devices (LCoS) have been developed for use as 
reflective or transmissive spatial light modulators (SLM's) of projection display 
devices. Such a projection display device includes an array of LC cells, one or 

1 5 more cell for each image pixel, wherein each cell modulates the intensity of light 

passing through or reflected from the cell. The LC cell rotates the polarization of 
the incident polarized light according to the voltage applied to the cell. The 
outgoing light passes through an additional polarizing element. Therefore, the 
ratio between the intensity of outgoing light and that of the incident light is 

20 controlled by the rotation of the polarization. Generally, if the two fixed 

polarizers are set in perpendicular polarizations and the LC cell does not rotate 
the polarization of the incoming light, the device is in a "dark" state. Conversely, 
if the LC cell rotates the polarization by 90 degrees, the device is in a "bright" 
state. Partial rotation of the polarization yields intermediate tones, i.e., gray 

25 levels. The relation between the applied voltage and the relative intensity 

obtained from the device, with respect to the bright state, is commonly referred 
to as the "response function" of the device, or the "gamma" of the device. 
[003] "Gamma correction" refers to a function applied to a LC device to adjust 
its tone gradation response. In a typical Gamma correction algorithm, pixel data 

30 is converted into new values using a look-up-table. The new values are used to 

control the voltage applied to the device. Using such look-up-table correction, 
the gradation response can be adjusted to meet required performance parameters. 
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[004] In color displays, the light modulated by the SLM is also filtered by 
appropriate color filters. The combination of colored light and controlled 
gradation levels for each of a plurality of primary color pixels allows the 
representation of color images. The mixing of the different primaries may be 

5 temporal, as in sequential projection devices; simultaneous, as in three-panel 

RGB projection devices; or spatial, as in direct view LC display devices. In 
sequential display systems, a stream of sequential single color sub-frames is 
temporally integrated by the viewer's eye to obtain a color image. In 
simultaneous display systems, three RGB sub-images, produced by three 

1 0 separate panels, are viewed simultaneously. In direct view systems, the eye of the 

viewer integrates the fight coming from neighboring sub-pixels of different 
colors to obtain a full color image. 

[005] An underlying assumption in the design of existing LC color displays is 
that the color of outgoing light may be determined in a straightforward manner 

15 by the light source and color filters used. According to this assumption, the 

chromaticity of a primary color pixel is determined by the respective fight source 
and/or color filter, and the intensity of the primary color pixel is determined by 
the amount of the polarization rotation of the respective LC cell. Thus, according 
to the above assumption, the control of intensity is separated from the 

20 chromaticity of the primary. Unfortunately, while the above assumption is 

reasonably accurate in the case of cathode ray tube (CRT) color displays, it is 
significantly inaccurate in the case of LC color displays. Nevertheless, this 
straightforward approach, which is inherently inaccurate, simplifies the handling 
of data for color images in existing LC color displays. 

25 [006] An inherent problem of LC devices is that they do not behave as perfect 

polarization rotators. The polarization rotation depends on the width of the LC 
layer, the difference between the effective refractive indices for the two 
polarization modes, and the wavelength of incident light. For 
non-monochromatic light, the amount of polarization rotation will depend on the 

30 wavelength and, therefore, the transmission of different wavelengths in the 

spectra may differ significantly. Furthermore, there may be significant 
differences in the relative transmission of different wavelengths between the 
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'bright" state and the "dark" state of the cell. Thus, changing the voltage applied 
to the cells affects the spectrum of the outgoing light in addition to its intensity 
and, therefore, the viewed colors may be significantly distorted. This inaccuracy 
is not desirable in any color display, but may be particularly significant in color 
5 display applications that require enhanced accuracy in viewing colors, such as 

print-proofing or high-end display applications. 

Summary of Embodiments of the Invention 

[007] According to exemplary embodiments of the invention, RGB data 

10 provided to a pixel of a display, e.g., a LCD based display, may be corrected or 

adjusted so that the color of the displayed pixel would be similar to the color 
produced with the same RGB input data on a reference display. In this context, 
the reference display may be defined as a display with the property that the 
chromaticity values of primary color pixel components, and thus the colors of 

15 pixels, are independent of the intensity of the primary color pixel components, 

which determine the intensity of the pixels. 

[008] According to embodiments of the invention, a method of selective color 
display adjustment may include adjusting an intensity value of a first primary 
color component of a pixel based, at least in part, on an intensity value of a 
20 second primary color component of the pixel, as described in detail below. 

[009] According to embodiments of the invention the method may also include 
performing the adjusting for a plurality of pixels of a color image to be displayed 
by the color display. 

[0010] According to embodiments of the invention, the method may 
25 include calculating an adjusted intensity value for the first primary color 

component using a conversion operator dependent on one or more of the 
intensity values of the primary color components. 

[001 1] According to some exemplary embodiment of the invention, the 
method may include determining an initial conversion operator, and converting 
30 the intensity values of the primary color components into initial converted 

intensity values using the initial conversion operator. The method may also 
include adjusting the conversion operator based on the converted values to 
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provide an adjusted conversion operator, and converting the intensity values of 
the primary components using the adjusted conversion to provide adjusted 
converted intensity values. The method may further include comparing between 
the initial converted intensity values and the adjusted converted intensity values, 
re-initializing the conversion operator according to the adjusted conversion 
operator, and repeating the adjusting, the converting based on the adjusted 
conversion operator, and the re-initializing, until a predefined difference between 
the initial converted intensity values and the adjusted converted intensity values 
is achieved. 

[0012] According to other exemplary embodiments of the invention, the 
method may include obtaining one or more device-dependent intensity values 
corresponding to one or more imaginary intensity values of the primary color 
components, and combining one or more of the device dependent intensity 
values. The obtaining of one or more device-dependent values may include using 
one or more look-up tables to associate each of the one or more imaginary 
intensity values with a respective plurality of the device-dependent values. 
[0013] According to other exemplary embodiments of the invention, the 
method may include adding a sub-adjustment value to a first imaginary intensity 
value based on a second imaginary intensity value, wherein the first and second 
imaginary intensity values correspond to the first and second primary color 
components, respectively. 

[0014] According to embodiments of the invention there is provided a 
display system including a color adjustment unit to selectively adjust an intensity 
value of a first primary color component of a pixel based, at least in part, on an 
intensity value of a second primary color component of the pixel. The system 
may also include a driver to receive the adjusted intensity value from the color 
adjustment unit and to drive a color display device according to the adjusted 
intensity value. 

[001 5] According to some exemplary embodiments, the color adjustment 
unit may include a logic unit to obtain one or more device-dependent intensity 
values corresponding to one or more imaginary intensity values of the primary 
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color components, and to combine one or more of the device dependent intensity 
values. 

[0016] According to other exemplary embodiments, the color adjustment 
unit may include a logic unit to add a sub-adjustment value to a first imaginary 
5 intensity value based on a second imaginary intensity value, wherein the first and 

second imaginary intensity values correspond to the first and second primary 
color components, respectively. 
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Rrie.f Description nf the Drawings 

[001 7] The invention may be understood and appreciated more fully from 
the following description of embodiments of the invention read in conjunction 
with the accompanying drawing, in which: 
5 [001 8] Fig. 1 is a schematic flow chart illustration of an iterative method 

of selective color display adjustment in accordance with exemplary embodiments 
of the invention; 

[001 9] Fig. 2 is a schematic chromaticity diagram, showing a color gamut 
that may be used to define imaginary primary colors in accordance with 
1 0 exemplary embodiments of the invention; 

[0020] Fig. 3 is a schematic flow chart illustration of a non-iterative 
method of selective color display adjustment in accordance with exemplary 
embodiments of the invention; 

[0021] Fig. 4 is a schematic flow chart illustration of a method of 
15 selective color adjustment for a more than three primary color display, in 

accordance with exemplary embodiments of the invention; and 
[0022] Fig. 5 is a schematic block diagram illustration of a system of 
selective color display adjustment in accordance with exemplary embodiments of 
the invention. 

20 
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Detailed Desc ri ption of Embodiments of the Invention 

[0023] According to exemplary embodiments of the invention, the RGB 

data provided to a pixel of a display, e.g., a LCD based display, may be corrected 

5 or adjusted so that the color of the displayed pixel would be similar to the color 

produced with the same RGB input data on a reference display. In this context, 
the reference display may be defined as a display with the property that the 
chromaticity values of primary color pixel components, and thus the colors of 
pixels, are independent of the intensity of the primary color pixel components, 

1 0 which determines the intensity of the pixels, 

[0024] According to embodiments of the invention, a method of selective 
color display adjustment may include adjusting an intensity value of a first 
primary color component of a pixel based, at least in part, on an intensity value 
of a second primary color component of the pixel, as described in detail below. 

15 [0025] A color of a given pixel of a reference display may be calculated 

by applying elements of a matrix of primary color components to a linearized 
input of the pixel. To produce a linearized input, three-primary input data, e.g., 
RGB data, may be converted into a signal representing linear intensity levels of 
the primary color components, whereby .the color of the pixel may be determined 

20 in absolute terms, e.g., using a three dimensional coordinate system, for example, 

XYZ coordinates. Thus, the color of a pixel may be defined in terms of a 
weighted sum of the XYZ coordinates, wherein the relative weights of different 
primaries are determined by their respective linear intensity values. In 
mathematical terms, an XYZ color vector may be obtained, for example, by 

25 multiplying an input RGB vector (also referred to as "RGB triad") by an 

appropriate matrix, as follows: 
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[0026] In Equation 1, the subscript "c" indicates the color corresponding 
to the input RGB triad, and the subscripts "R'\ "G" and "B" represent the 
30 corresponding display primaries in this example. Thus, the conversion matrix 
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from RGB to XYZ may be based on the XYZ values of the display primaries. 
This matrix is referred to herein as the "direct conversion matrix". It should be 
noted that the triad (Xc, Yc, Zc) represents the colorimetric value of the color of 
the pixel as it appears on a reference display characterized by the direct 
5 conversion matrix, for linearized RGB signals. It will be appreciated by those 

skilled in the art that according to embodiments of the invention, Equation 1 may 
be implemented in various forms, for example, in the direct conversion matrix 
form, to transform any first color data format, e.g., RGB data, into any second 
color data format, e.g., XYZ data. For example, the second color format may be 
10 based on any RGB space including pre-defined luminance-independent red, 

green and blue primary components. 

[0027] Some applications may require conversion of the second color 
data format, e.g., the XYZ data or data in any other pre-defined absolute color 
coordinates, back into corresponding values in the first color data format, e.g., 

15 the RGB data format or any other device-dependent primary color data format. In 

general, such conversion may be required when it is desired to more accurately 
control the color appearing on the display, namely, to control the values of a 
vector (Xc, Yc, Zc), e.g., in applications that cannot rely on the accuracy of the 
device-dependent colors produced in response to the original RGB data. 

20 Examples of display systems that require enhanced accuracy may include display 

systems used in color print proofing applications, or LC display systems 
designed to emulate the color accuracy of CRT display systems. In such cases, 
the XYZ data may be based on a model of the behavior of the print or the CRT 
monitor, and conversion into RGB values or into other desired primary-color 

25 formats may be required in order to obtain the required XYZ response by the LC 

display. Alternatively, such a conversion may be done to avoid color shifts in the 
presentation of video image that may affect the quality of the presented image. 
[0028] It will be appreciated by those skilled in the art that according to 
embodiments of the invention, the RGB data format may be used for, 

30 representing the absolute color space as well as for representing adjusted color 

coordinates. For example, RGB input data may be converted into an absolute 
color space including ''pure" primary color components, whose chromaticity 
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values do not depend on the intensity values of the components. An adjustment 
may be applied to the intensity values of the RGB data in the absolute color 
space such that when the adjusted values undergo a color shift by the display, the 
resulting color would be the one calculated for the absolute space. It will be 
5 noted, that although the absolute color space may be represented in terms of the 

RGB color space, e.g., as described above, in the following description the 
absolute color space will be referred to as the XYZ color space. 
[0029] According to exemplary embodiments of the invention, the 
conversion from the XYZ values back into the RGB values may be performed by 
10 matrix multiplication. For example, an inverted primary-color matrix may be 

used, as follows: 

(2) 

[0030] The inverted conversion matrix in Equation 2, hereinafter referred 
to as the "inverse conversion matrix", may be obtained by inverting the direct 

15 conversion matrix. 

[0031] The conversion in Equation 2 assumes that the chromaticity of the 
display primaries is fixed, e.g., as in a CRT display, and that the change in the 
relative intensity of the primary does not influence the displayed chromaticity. 
However, as discussed above, this is not the case for LC displays, wherein the 

20 chromaticity of the primaries may vary significantly with intensity. Thus, the use 

of a fixed inverse conversion matrix to convert from XYZ values into RGB 
values would result in distortion of the colors displayed by the LC display. 
[0032] According to embodiments of the invention, this problem may be 
solved by using an inverse conversion matrix including elements, which are 

25 dependent on the intensity values of the primary color components. This may be 

achieved, for example, by mapping the XYZ values of each of the primary colors 
as a function of its intensity, as described below. 

[0033] According to embodiments of the invention, the intensity value of 
each primary color may be scaled to a value in the range of 0-1, wherein a value 
30 of 1 indicates maximum intensity for that primary and a value of 0 indicates 
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minimum intensity. Using the maximum value as a reference, the intensity may 
be reduced by changing the input data to values smaller than 1. For example, the 
coordinate R in the one-dimensional "red" space may be mapped to a vector R in 
the three dimensional XYZ space, using a function R(R). Analogous mapping 
5 may be used for all the primary colors, e.g., to produce red and blue vectors, G 

and B, respectively. 

[0034] According to exemplary embodiments of the invention, when the 
chromaticity of the primary is fixed with respect to the intensity, the following 
mapping may be used: 
1 o R=R«r, wherein r =(Xr, Yr, Zr) is a fixed vector; (3) 

G=G-g, wherein g =(Xg, Yq, Zg) is a fixed vector; and 
B=Bb, wherein b =(X B , Y B , Z B ) is a fixed vector. , 
[0035] When the chromaticity of the primary is not fixed with respect to 
the intensity, the following mapping may be used: 
1 5 R=R-r(R), wherein r is a function of the coordinate R ■ (4) 

G=G-g(G), wherein g is a function of the coordinate G 
B=B-b(B), wherein b is a function of the coordinate B 
[0036] According to some exemplary embodiments of the invention, for 
each primary, the corresponding vector function in Equation 4 may be replaced 
20 by a set of three look-up-tables (LUT's) including normalized X, Y and Z values 

of that primary as a function of the intensity of the primary, e.g., the function 
r(R) may be pre-sampled to map a plurality of discrete R values into 
corresponding normalized vectors, the function g(G) may be pre-sampled to map 
a plurality of discrete G values into corresponding normalized vectors, and the 
25 function b(B) may be pre-sampled to map a plurality of discrete B values into 

corresponding normalized vectors. Given the three functions r(R), g(G) and 
b(B), selective color adjustment in accordance with embodiments of the 
invention may be applied as described below. 

[0037] Reference is now made to Fig. 1, which schematically illustrates 
30 an iterative method of selective color display adjustment in accordance with 

exemplary embodiments of the invention. 
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[0038] As indicated at block 102, the method may include determining an 
initial conversion operator corresponding to a conversion of XYZ values, i.e., 
intensity values of the primary color components into initial converted RGB 
values. 

5 [0039] According to exemplary embodiments of the invention, 

determining the initial conversion operator may include selecting one or more 
intensity values. For example, when an input XYZc enters the system, 
predetermined values of XYZ for each primary color, e.g., the brightest level 
values for r(R=l), g(G=l) and b(B=l), may be used to create a direct 

10 conversion matrix similar to the direct matrix of Equation 1. The direct matrix 

may then be inverted to obtain the conversion operator, which may include an 
inverse conversion matrix similar to the inverse conversion matrix of Equation 2. 
[0040] As indicated at block 104, the method may also include 
converting the XYZ values into the initial converted intensity values, using the 

1 5 initial conversion operator, i.e., using the inverse conversion matrix. 

[0041] As indicated at block 106, the conversion operator may be 
adjusted based on the converted values, i.e., the RGB values. This may be 
achieved, for example, by using the RGB values as inputs for the primary color 
functions r(R), g(G) and b(B), so that adjusted XYZ values for each of the 

20 primaries are obtained, as indicated at block 108. According to some exemplary 

embodiments a set of LUTs may be used, each LUT may include the adjusted 
XYZ values corresponding to one of the primaries. The adjusted XYZ values 
may be used to create an adjusted direct conversion matrix, as indicated at block 
109. An adjusted inverse conversion matrix may be constructed by inverting the 

25 adjusted direct conversion matrix, as indicated at block 110. 

[0042] As indicated at block 111, the input XYZ values may be 
converted using the adjusted conversion operator to provide adjusted converted 
intensity values. For example, the adjusted conversion operator, i.e., the adjusted 
inverse conversion matrix, may be multiplied by the input data, e.g., according to 

30 Equation 2, to obtain an adjusted set of RGB values. 
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[00431 As indicated at block 112, the method may also include 
comparing between the initial converted intensity values and the adjusted 
converted intensity values. 

[0044] As indicated at block 114, the conversion operator may be 
5 re-initialized. For example, the conversion operator may be re-initialized 

according to the values of the adjusted conversion operator. This may be 
achieved, for example, by substituting elements of the initial conversion operator 
with respective values of the adjusted conversion operator. 
[0045] As shown in Fig. 1, according to exemplary embodiments of the 
10 invention, the above process, may be repeated, iteratively, until the difference 

between consecutive iterations is sufficiently small, i.e., until a pre-determined 
difference between the initial converted intensity values and the adjusted 
converted initial values is achieved. However, it should be appreciated that in 
many cases a single iteration may be sufficient to reach the desired color 
15 accuracy. Furthermore, since neighboring pixels of an image are typically 

similar, except in border regions that cover only a small area of the image, there 
is generally no need to start the process with the brightest level matrix for each 
pixel; instead, .the starting point for correcting the color of each pixel may be 
based on the last matrix obtained for the previous pixel, i.e., the initial intensity 
20 values may be selected according to intensity values of primary color 

components of a neighboring pixel. This may result in a significantly more 
efficient iterative process, i.e., a smaller number of iterations may be required to 
determine the correct color of at least some of the pixels. 
[0046] It is appreciated that, in certain applications, the iterative process 
25 described above may not be sufficiently efficient. For example, the accuracy that 

may be obtained by such an iterative process may be limited due to the speed 
required by motion video applications. Therefore, an aspect of the present 
invention avoids such iterative procedure, as described below. 
[0047] As discussed above, the chromaticity of the primary colors may 
30 vary with their intensity, namely, each primary color may be represented by a 

curve on a chromaticity plane, such as the chromaticity diagram depicted in Fig. 
2. 
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[0048] The dashed triangular area in Fig. 2 represents the color gamut 

that may be obtained from combinations of three primary colors at an intensity 
level that results in the widest possible gamut that is fully contained by the color 
gamut obtained from the same primary colors at any other intensity level. The 
corners of the triangular area, as defined above, define three chromaticity value 
points, which are referred to herein as "imaginary primary colors". It will be 
appreciated by persons skilled in the art that such imaginary primary colors may 
be pre-defined based on device-dependent color-shift parameters. 
[0049] For a given intensity level of each imaginary primary, as defined 
above, it is possible to calculate the RGB values that would yield a correct 
chromaticity. For example, in case of the imaginary "red" primary, a function 
r*(R*) defining a vector in the RGB space may be used, wherein R* denotes the 
intensity of the imaginary "red" primary and r* is a three-component vector of 
RGB values, the combination of which would yield a color with the chromaticity 
of the required imaginary red primary at a normalized intensity R*. In this 
example, the chromaticity of the imaginary "red" primary is fixed, and R* is in 
the range of 0 - 1, wherein 1 represents the maximum intensity of the imaginary 
red primary. It should be noted that a fixed vector r*=(R, G, B), in which the 
value of R is close to 1 and the values B and G represents small corrections, may 
be suitable for many types of display devices. It should be appreciated that the 
imaginary B and G primary colors may be defines by functions analogous to 
those used to define the imaginary R primary. 

[0050] In some embodiments of the invention, the vector functions may 
be obtained using an iterative method, e.g., as described above with reference to 
Fig. 1 ; however other methods may also be suitable. For each imaginary primary, 
the RGB values of the vector functions may be stored in look-up-tables (LUTs), 
for example, three LUTs representing R, G and B, respectively, as described 
above. 

[0051] Reference is now made to Fig. 3, which schematically illustrates a 
flow chart of a non-iterative method of selective color display adjustment, in 
accordance with exemplary embodiments of the invention. 
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[0052] As shown in Fig. 3, the received XYZc data signal or any other 
RGB data with absolute reference primaries, as described above, may be 
represented in terms of the set of imaginary primary colors. 
[0053] As indicated at block 302, according to some exemplary 
5 embodiments of the invention, a conversion operator, e.g., an inverse matrix 

similar to the inverse matrix of Equation 2, may be applied to the input intensity 
values of the primary components to obtain the corresponding imaginary 
intensity values. Since the chromaticity of each imaginary primary color, e.g. the 
chromaticity of each imaginary primary color in the chromaticity diagram of Fig. 
10 2, is independent of intensity, the inverse matrix format of Equation 2 above may 

be used to obtain the relative intensities of the imaginary primaries in a 
straightforward manner, namely from the input data the values R*. G* and B* 
may be calculated. 

[0054] According to other exemplary embodiments of the invention, if 
15 the absolute color is represented in terms of RGB space with a pre-defined set of 

fixed primaries, it may be useful to set the imaginary primaries to the values of 
the reference primaries. Thus, according to these embodiments, conversion of the 
input data into corresponding imaginary primary intensities, e.g., as indicated by 
block 302, may not be required. 
20 [0055] As indicated at block 304, the method may include obtaining 

device-dependent intensity values corresponding to the imaginary intensity 
values, e.g., the relative intensities R*. G*, B* may be used to obtain the 
corresponding RGB values for each imaginary primary at the correct intensity 
level for that imaginary primary. For example a set of LUTs, each including a set 
25 of device-dependent intensity values corresponding to one of the imaginary 

intensity values, may be used. For example, a LUT corresponding to values of 
R* may include sets of device dependent intensity values R(R*), G(R*), and 
B(R*) such that a red imaginary primary at an intensity level R* may be 
produced by the display device as a combination of R(R*), G(R*), and B(R*). 
30 Accordingly, a LUT corresponding to values of G* may include sets of device 

dependent values R(G*), G(G*), and B(G*), and a LUT corresponding to values 
of B* may include sets of device dependent values R(B*), G(B*), and B(B*). 
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According to some exemplary embodiments, the device-dependent values of the 
LUTs may be calculated off-line using the iterative method described above with 
reference to Fig. 1. 

[0056] As indicated at block 306, the method may also include 

combining the device-dependent values, e.g., based on the primary color 
components. Combining the device-dependent values may include calculating a 
sum of the device-dependent values corresponding to each of the imaginary 
primaries. For example, in order to create the required R* value of the imaginary 
red primary, the corresponding combination, e.g., the sum, of the R, G and B 
signal values found in the R* LUT may be sent to the display. The same applies 
for the green and the blue imaginary primaries. Accordingly, the "R" signal sent 
to the display may be determined based on the sum of the R signals for the 
different imaginary primaries. Similarly, the B and G signals sent to the display 
may be * determined based on the some of the different G and B signal 
components. 

[0057] Since the display system may not be linear, the summation over 

the R, G and B signals, as described above, may cause a slight shift in the 
chromaticity of the actual primary colors reproduced by the display. However, it 
will be appreciated by persons skilled in the art that this shift would be negligible 
because, for example, the relative contribution of the imaginary G and B 
components in determining the R signal are typically small and do not 
significantly affect the over-all intensity of the primary. Similarly, the intensity 
levels of G and B are not significantly influenced by the additional, smaller, 
components contributing to their chromaticity correction. 
[0058] Although the above methods are described in the context of 

three-primary color display systems, it will be appreciated by those skilled in the 
art that these methods are equally suitable for displays using four or more 
primary colors. For example, in a more-than-three-primary system, the color shift 
of each primary as a function of its intensity may be recorded as described above. 
Additionally, more than three imaginary primary colors may be defined by the 
comers of a more-than-three-sided shape of the gamut resulting from 
combinations of the real primaries at a certain intensity level, in analogy to the 
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triangular gamut described above with reference to Fig. 2. Each such imaginary 
primary may have a fixed chromaticity, as described above, and thus the 
conversion of input colors to imaginary primaries may be readily determined 
using calculations analogous to those demonstrated above and/or as described in 
prior art publications relating to more-than-three primary displays. As described 
above, for each imaginary primary, off-line calculation may be used to determine 
the combination of device-dependent primaries that may provide a pre-defined 
set of intensity values of the imaginary primary. Similarly, as in the 
three-primary system, for each color input, lie combination of imaginary 
primaries that yields that color may be calculated by analogous methods. Thus, 
the value of each imaginary primary at a given intensity level may be replaced by 
the pre-calculated set of device-dependent primaries that reproduce the 
imaginary primary at the correct intensity level and chromaticity. 
[0059] In the above description, each of the imaginary primaries is 
described in terms of combinations of all primaries to yield the chromaticity of 
the imaginary primary at different intensity levels. In practice, according to some 
exemplary embodiments of the invention, the calculations described above may 
be simplified for a more-than three primary color display. In a more than three 
primaries display, the red, green and blue primaries may have a narrow spectral 
range and thus their color shift with intensity may be relatively small. Additional 
primaries, e.g., cyan and yellow, may have a relatively wide spectral range and 
thus may suffer from large color shifts. Thus, according to some embodiments of 
the invention, it may be required to adjust intensity values corresponding to only 
some of the primary components. Furthermore, in many cases the selective color 
adjustment may be achieved by adding only one primary to the adjusted primary 
component, as described below. 

[0060] According to some exemplary embodiment, a shift in the yellow 
primary may tend to be mostly on the red-green axis. If the imaginary yellow 
primary were chosen to be on the red edge of the yellow color shift, then when 
the intensity is changed the yellow primary would "drift" towards the green 
primary. In order to adjust such a drift, the intensity of the red primary may be 
increased, and at the same time an intensity value of the yellow primary may be 
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reduced, in order to keep the displayed intensity at the required level Thus, a 
fixed chromaticity yellow imaginary primary may be created by a combination of 
only two primaries, e.g., red and yellow. However, it will be appreciated by those 
skilled in the art -that the adjustment may be analogously achieved by a 

5 combination of green and yellow if the imaginary primary is chosen to be on the 

green side of the yellow color shift. In a similar manner, a color shift of the cyan 
primary may be adjusted by one primary, e.g., green or blue. It will be 
appreciated by those skilled in the art that in other embodiments of the invention, 
the use of three, i.e. a selected primary to be adjusted and two primaries on both 

10 sides of the selected primary, may be required to adjust the color shift of the 

selected primary. 

[0061] Thus, according to some embodiments of the invention, the 
non-iterative method for selective color adjustment, e.g., as described with 
reference to Fig. 3, may be simplified, as described below. 

1 5 [0062] Reference is made to Fig. 4, which schematically illustrates a flow 

chart of a method of selective color adjustment for a more than three primary 
color display, in accordance with exemplary embodiments of the invention. 
[0063] The following description may refer, for simplicity, to two 
categories of primary components, namely, major-shifted primary components 

20 and minor-shifted primary component. A major-shifted primary color may 

correspond to a primary component, e.g., yellow, which may have a relatively 
large color shift. A minor-shifted primary component may correspond to a 
primary component, e.g., red, which may be adjusted based on an adjustment of a 
major-shifted primary component However, it will be appreciated by those 

25 skilled in the art that this categorization is for simplicity only, and that according 

to other embodiments of the invention the primary components may be 
categorized differently. 

[0064] As indicated at block 402, the method may include receiving the 
imaginary primary values. The imaginary primary values may include at least 
30 one major-shifted imaginary primary component and at least one minor-shifted 

imaginary primary component. 
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[0065] As indicated at block 404, an adjusted major-shifted primary 
component value may be obtained based on the major-shifted imaginary primary 
component value. This may be achieved, for example, using a LUT including 
values of the adjusted major-shifted primary component corresponding to the 
values of the imaginary major-shifted primary component, e.g., as described 
above. 

[0066] As indicated at block 406, for one or more minor-shifted 
imaginary primary colors, e.g., a red imaginary primary value, a sub-adjustment 
may be performed, for example, using a LUT including sub-adjustment values 
for the minor-shifted imaginary primary color, e.g., red, corresponding to the 
values of the major-shifted imaginary primary color, e.g. yellow, as described 
above. 

[0067] As indicated at block 408, the sub-adjustment value may be 
added, for example, to the value of the imaginary minor-shifted primary. Thus, a 
major-shifted primary color signal sent to the display may include the adjusted 
major-shifted primary color value, and the sub-adjustment value may be added to 
the imaginary niinor-sbifted primary value to create a niinor-shifted primary 
signal sent to the display. It may be noted that, for simplicity of description, it is 
assumed that the minor-shifted primary color does not have an adjustment or 
correction scheme, i.e., the imaginary minor-shifted primary is similar in 
behavior to the "real" minor-shifted primary. It will be appreciated by persons 
skilled in the art that an adjustment scheme according to embodiments of the 
invention may also be applied to minor-shifted primary colors. In particular, a 
self-correction LUT on the value of the minor-shifted primary may be 
implemented. 

[0068] Although the raw color inputs used by embodiments of the 
invention have been described above in terms of XYZ data, it should be 
appreciated that any other device-independent color representation may be used 
in conjunction with the present invention. Furthermore, device-depended color 
representation, such as RGB or YCbCr, or any other suitable formats, may be 
appropriately defined as "device- independenf colors, in the context of absolute 
color coordinates, such as the color coordinates of CRT phosphors. Therefore, 
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the use of XYZ in describing the exemplary embodiments above should in no be 
interpreted to limit the scope of the present invention. 

[0069] Reference is made to Fig. 5, which schematically illustrates a 
block diagram of a system 500 of selective color display adjustment in 
5 accordance with exemplary embodiments. 

[0070] According to exemplary embodiments of the invention, system 
500 may implement principles of embodiments of the selective color adjustment 
methods described above. 

[0071] According to embodiments of the invention, system 500 may 

10 include a color adjustment unit 501 to selectively adjust an intensity value of a 

first primary color component of a pixel based, at least in part, on an intensity 
value of a second primary color component of the pixel. Unit 501 may include a 
logic unit 505 to receive unadjusted input data, and to produce an adjusted signal, 
e.g., a signal representing adjusted RGB color values, or adjusted color values in 

15 any other format of three or more primary colors, as discussed above, suitable for 

driving a color display device 503. The adjusted signal may be received by a 
driver 502, which drives the display device 503. Logic unit 505 may execute 
algorithms corresponding to any of the selective color adjustment methods 
described above. At least part of the function of logic unit 505 may be 

20 implemented by any combination of software and/or hardware. For example, 

logic unit 505 may include a CPU, DSP, FPGA, ASIC, or any other type of logic 
unit known in the art. Additionally or alternatively, part of the function of unit 
505 may be implemented by means of a software driver and/or as a "plug-in" to 
an existing software driver. According to some exemplary embodiments, logic 

25 unit 505 may include one or more memory units 507 adapted to store one or 

more LUTs, e.g., as described above. For example, memory unit 507 may 
include a Random Access Memory (RAM), as is known in the art. 
[0072] The present invention may be implemented in conjunction with 
any color display system known in the art. Further, any type of display system or 

30 device incorporating elements of the methods, systems device described above in 

combination with other known elements, is also included within the scope of the 
present invention. Although some embodiments of the present invention may be 
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particularly suitable for display systems using LC devices, for example, 
direct-viewing displays, and sequential or simultaneous projection displays, it 
should be appreciated that other the invention may also be used in conjunction 
with any other type of display system. 

[0073] While certain features of the invention have been illustrated and 
described herein, many modifications, substitutions, changes, and equivalents 
will now occur to those of ordinary skill in the art. It is, therefore, to be 
understood that the appended claims are intended to cover all such modifications 
and changes as fall within the true spirit of the invention. 
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CLAIMS 
[0074] What is claimed is: 

1 . A method of selectively adjusting colors displayed by a color display, the method 
5 comprising adjusting an intensity value of a first primary color component of a 

pixel based, at least in part, on an intensity value of a second primary color 
component of said pixel. 

2. The method of claim 1 , wherein said pixel comprises three or more primary color 
components. 

10 3. The method of claim 2, wherein said adjusting comprises adjusting the intensity 

value of said primary color component based on intensity values of all said three 

primary color components. 
4. The method of claim 2, wherein said three or more primary color components 

comprise four or more primary color components. 
15 5. The method of claim 4, wherein said adjusting comprises adjusting the intensity 

value of said first primary color component based on intensity values of one or 

more of said four or more primary color components. 
6. A method according to any of claims 1-5 comprising performing said adjusting 

for a plurality of pixels of a color image to be displayed by said color display. 
20 7. The method of any of claims 1-6, wherein said adjusting comprises calculating 

an adjusted intensity value for said first primary color component using a 

conversion operator dependent on one or more of the intensity values of the 

primary color components. 

8. The method of claim 7, wherein said conversion operator comprises a conversion 
25 inverse matrix to convert the intensity values of said primary color components 

in an absolute data format into corresponding values in a device-dependent data 
format. 

9. The method of claim 8, wherein one or more elements of said conversion inverse 
matrix are dependent on one or more of the intensity values of said primary color 

30 components. 

10. The method of claim 8, wherein said conversion inverse matrix corresponds to an 
inverse of a direct conversion matrix. 
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11. The method of claim 10, wherein said direct conversion matrix comprises 
elements dependent on the intensity values of said primary color components. 

12. The method of any of claims 7-11, wherein said adjusting comprising: 

determining an initial conversion operator; and 
5 converting the intensity values of said primary color components into initial 

converted intensity values using said initial conversion operator. 

13. The method of claim 12, wherein determining said initial conversion operator 
comprises selecting one or more initial intensity values. 

14. The method of claim 13 wherein said initial intensity values are selected 
10 according to intensity values of primary color components of a neighbor pixel 

adjacent to said pixel. 

1 5 . The method of any of claims 12-14 comprising: 

adjusting said conversion operator based on said converted values to provide 
an adjusted conversion operator; and 
15 converting the intensity values of said primary components using said 

adjusted conversion to provide adjusted converted intensity values. 

16. The method of claim 15, wherein adjusting said conversion operator comprises: 

calculating elements of an adjusted direct conversion matrix based on said 
converted values; and 

20 constructing an inverse matrix by inverting said adjusted direct conversion 

matrix. 

1 7. The method of claim 1 6 wherein said calculating comprises: 

using one or more look up tables to associate each of said converted values 
with a set of device dependent XYZ values; and 
25 constructing said adjusted direct conversion matrix using said XYZ values. 

18. The method of any of claims 15-17 comprising comparing between said initial 
converted intensity values and said adjusted converted intensity values. 

19. The method of claim 18 comprising re-initializing said conversion operator 
according to said adjusted conversion operator. 

30 20. The method of claim 19, wherein re-initializing said conversion operator 
comprises substituting elements of said initial conversion operator with 
respective values of said adjusted conversion operator. 
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21. The method of claim 19 or 20 comprising repeating said adjusting, said 
converting based on said adjusted conversion operator, and said re-initializing, 
until a pre-determined difference between said initial converted intensity values 
and said adjusted converted intensity values is achieved. 
5 22. The method of any of claims 1-6 wherein said adjusting comprises: 

obtaining one or more device-dependent intensity values corresponding to 
one or more imaginary intensity values of said primary color components; 
and 

combining one or more of said device dependent intensity values. 
10 23. The method of claim 22, wherein said imaginary intensity values comprise the 

intensity values of said primary color components. 
24. The method of claim 22 comprising obtaining said imaginary intensity values by 

applying a predefined conversion operator to input intensity values of said 

primary color components. 
15 25. The method of any of claims 22-24, wherein obtaining one or more 

device-dependent values comprises using one or more look up tables to associate 

each of said one or more imaginary intensity values with a respective plurality of 

said device-dependent values. 

26. The method of any of claims 22-25, wherein each of said device dependent 
20 values correspond to one of said primary color components. 

27. The method of claim 26, wherein said combining comprises combining said 
device-dependent values based on said primary color components. 

28. The method of claim 27 wherein said combining comprises calculating a sum of 
the device dependent values corresponding to each of said primary color 

25 components. 

29. The method of any of claims 1-6 comprising: 

adding a sub-adjustment value to a first imaginary intensity value based on a 
second imaginary intensity value, said first and second imaginary intensity 
values corresponding to said first and second primary color components, 
30 respectively. 

30. The method of claim 29, wherein said imaginary intensity values comprise the 
intensity values of said primary color components. 
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31 . The method of claim 29 comprising obtaining said imaginary intensity values by 
applying a predefined conversion operator to input intensity values of said 
primary color components. 

32. A display system comprising: 

5 a color adjustment unit to selectively adjust an intensity value of a first 

primary color component of a pixel based, at least in part, on an intensity 
value of a second primary color component of said pixel. 

33. The system of claim 32 comprising a driver to receive said adjusted intensity 
value from said color adjustment unit and to drive a color display device 

1 0 according to said adjusted intensity value. 

34. The system of claim 32 or 33, wherein said color adjustment unit comprises a 
logic unit to obtain one or more device-dependent intensity values corresponding 
to one or more imaginary intensity values of said primary color components, and 
to combine one or more of said device dependent intensity values. 

15 35. The system of claim 34, wherein said imaginary intensity values comprise the 

intensity values of said primary color components. 
36. The system of claim 34, wherein said logic unit is adapted to obtain said 

imaginary intensity values by applying a predefined conversion operator to input 

intensity values of said primary color components. 
20 37. The system of any of claims 34-36, wherein said logic unit comprises one or 

more memory units to store one or more look up tables to associate each of said 

one or more imaginary intensity values with a respective plurality of said 

device-dependent values. 

38. The system of claim 32 or 33, wherein said color adjustment unit comprises a 
25 logic unit to add a sub-adjustment value to a first imaginary intensity value based 

on a second imaginary intensity value, said first and second imaginary intensity 
values corresponding to said first and second primary color components, 
respectively. 

39. The system of claim 38, wherein said imaginary intensity values comprise the 
3 o intensity values of said primary color components. 
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40. The system of claim 38, wherein said logic unit is adapted to apply a predefined 
conversion operator to input intensity values of said primary color components to 
obtain said imaginary intensity values. 

41. The system of any of claims 38-40, wherein said logic unit comprises a first 
5 memory unit to store a first look up table to associate said sub-adjustment value 

with said second imaginary intensity value. 



25 



WO 2004/040548 



PCT/IL2003/000905 



1/5 



Initialize 
conversion 



XYZ C input 
102 



r 



108 



106 



104 



Convert 
intensity 
values 



R 



XrYrZrCR^) 



XrYrZrO**) 



XrYrZrCR^!) 



XqYqZqCGh) 



XgYoZqCGO 



XqYqZgCGhi) 



B 



XflYBZalBn,.!) 



XbYbZbCBJ 



X B Y B Z 3 (B^) 



XrY r Zr(R) 



XoYqZoCG) 



XbY b Z b (B) 



Create direct matrix 
fX^Ji) X G (G) 

Jg(G) 1^(5) 
Z R (R) Z G (G) Z B {E) 



109 



Invert matrix to create 
New inverse matrix 



110 



Output 
RGB 
values 



yes 



Convert intensity 
values using adjusted 
conversion 

i 



in 



112 



Is difference between initial and 
adjusted values small enough? 



Fig. 1 



114 



Reinitialize 



WO 2004/040548 



PCT/IL2003/000905 



2/5 




Fig. 2 



WO 2004/040548 



PCT/IL2003/000905 



3/5 



XYZ C input 

k ^-302 

Multiply by 

XYZ -> imaginary RGB 
inverse matrix 



Imaginary R*G*B* 

~ ' 304 

r 



R* 



RGB (R* k-i) 



RGB (R* k) 



RGB (R* k+i) 



G* 






B* 






RGB (G*n) 






RGB (B* m _i) 


' — ► 


RGB (G*j) 






RGB (B* m ) 




RGB (G* i+1 ) 




RGB(B* m+ i) 











RGB (R*) 



RGB (G*) 



Rout = R(R*) + R(G*) +R(B*) 
Gout = G(R*) + G(G*) +G(B*) 
Bout = B(R*) + B(G*)+B(B*) 



RGB (B*) 




Output 
v RGB 

values 



Fig. 3 



WO 2004/040548 



PCT/IL2003/000905 



4/5 



Receive imaginary 
primary values 



/-402 



Minor-shifted 
primary 



Major-shifted 
primary 



Add sub-adjustment 




Major— shifted 
primary adjustment 



'/^404 



Adjusted minor- 
shifted primary 
signal 



Adjusted major- 
shifted primary 
signal 



Fig. 4 



WO 2004/040548 



5/5 



Input data 




1 

drrs 


r 

rer 




r 


display 



502 
_503 



500 



Fig. 5 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/IL03/00905 



A. CLASSIFICATION OF SUBJECT MATTER 

IPCC7) : G09G5/Q2 
USCL : 345/589 
According to International Patent Classification OPO or to both national classification and IPC 

B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 345/600,603,604 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
EAST 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category ; 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



X 
X 



US 6,072,464 A (OZEK3) 06 June 2000 (06.06.2000), column 4, line 66 to column 13, 
line 14. and Fig. 45 

US 6,366,291 Bl (TANIGUCHI et al.) 02 April 2002 (02.04.2002), column 2, line 41 to 
column 6, line 13 and Fig. 20-22 



1-41 
1-41 



□ 



Further documents are listed in the continuation of Box C. 



□ 



See patent family annex. 



* Special categories of cited documents: 

"A" document defining the general state of the art which Is not considered to 
be of particular relevance 

"E" earlier application or patent published on or after the international Tiling 
date 

"L" document which may throw doubts on priority olalm(s) or which is cited 
to establish the publication date of another citation or other special reason 
(as specified) 

document referring to an oral disclosure, use, exhibition or other means 

document published prior to the international filing date but later than the 
priority darn rlaimrrf 



T" later document published after the International filing date or 

priority date and not in conflict with the application but cited to 
understand the principle or theory underlying the invention 

"X" document of particular relevance; the claimed invention cannot be 

considered novel or cannot be considered to Involve an inventive 
step when the document Is taken alone 

~Y" document of particular relevance; the claimed Invention cannot be 

considered to Involve an inventive step when the document is 
combined with one or more other such documents, such 
combination being obvious to a person skilled in the art 

document member of the same patent family 



Date of the actual completion of the international search 
24 March 2004 (24.03.2004) 



Name and mailing address of me ISA/US 
Mail Stop PCT, Attn: ISA/US 
Commissioner for Patents 
P.O. Box 1450 

Alexandria, Virginia 22313-1450 
Facsimile No. (703) 305-3230 



Date of mailing of the international search report 




Form PCT/ISA/210 (second sheet) (July 1998) 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/IL03/00905 



Box I Observations where certain claims were found unsearchable (Continuation of Item 1 of first sheet) 



This international report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons: 



□ 



Claim Nos.: 

because they relate to subject matter not required to be searched by this Authority, namely: 



Claim Nos.: 

because they relate to parts of the international application mat do not comply with the prescribed requirements to 
such an extent that no meaningful international search can be carried out, specifically: 



3. 12SI Claim Nos.: 7-31, 37 and 41 

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 
6.4(a). * 



Box II Observations where unity of invention is lacking (Continuation of Item 2 of first sheet) 



This International Searching Authority found multiple inventions in this international application, as follows: 



1 ■ I 1 As all required additional search fees were timely paid by the applicant, this international search report covers all 
searchable claims. 

2. 1 | As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite 

payment of any additional fee. 

3. 1 1 As only some of the required additional search fees were timely paid by the applicant, this international search 

report covers only those claims for which fees were paid, specifically claims Nos.: 



4 - !" I No required additional search fees were timely paid by the applicant. Consequently, this international search report 
is restricted to the invention first mentioned in the claims; it is covered by claims Nos.: 

Remark on Protest I I ' The additional search fees were accompanied by the applicant's protest 
I | No protest accompanied the payment of additional search fees. 



Form PCT/ISA/210 (continuation of first sheet(l)) (July 1998) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



THIS PAGE BLANK (USPTO) 



